A comprehensive knowledge of proteomic states is essential for understanding biological systems. Using mass spectrometry, we mapped an atlas of developing maize seed proteotypes comprising 14,165 proteins and 18,405 phosphopeptides (from 4,511 proteins), quantified across eight tissues. We found that many of the most abundant proteins are not associated with detectable levels of their mRNAs, and we provide evidence for three potential explanations: transport of proteins between tissues; diurnal, outof-phase accumulation of mRNAs and cognate proteins; and differential lifetimes of mRNAs compared with proteins. Likewise, many of the most abundant mRNAs were not associated with detectable levels of their proteins. Across the entire dataset, protein abundance was poorly correlated with mRNA levels and was largely independent of phosphorylation status. Comparisons between proteotypes revealed the quantitative contribution of specific proteins and phosphorylation events to the spatially and temporally regulated starch and oil biosynthetic pathways. Reconstruction of signaling networks established associations of proteins and phosphoproteins with distinct biological processes acting during seed development. Additionally, a protein kinase substrate network was reconstructed, enabling the identification of 762 potential substrates of specific protein kinases. Finally, examination of 694 transcription factors revealed remarkable constraints on patterns of expression and phosphorylation within transcription factor families. These results provide a resource for understanding seed development in a crop that is the foundation of modern agriculture.
A comprehensive knowledge of proteomic states is essential for understanding biological systems. Using mass spectrometry, we mapped an atlas of developing maize seed proteotypes comprising 14,165 proteins and 18,405 phosphopeptides (from 4,511 proteins), quantified across eight tissues. We found that many of the most abundant proteins are not associated with detectable levels of their mRNAs, and we provide evidence for three potential explanations: transport of proteins between tissues; diurnal, outof-phase accumulation of mRNAs and cognate proteins; and differential lifetimes of mRNAs compared with proteins. Likewise, many of the most abundant mRNAs were not associated with detectable levels of their proteins. Across the entire dataset, protein abundance was poorly correlated with mRNA levels and was largely independent of phosphorylation status. Comparisons between proteotypes revealed the quantitative contribution of specific proteins and phosphorylation events to the spatially and temporally regulated starch and oil biosynthetic pathways. Reconstruction of signaling networks established associations of proteins and phosphoproteins with distinct biological processes acting during seed development. Additionally, a protein kinase substrate network was reconstructed, enabling the identification of 762 potential substrates of specific protein kinases. Finally, examination of 694 transcription factors revealed remarkable constraints on patterns of expression and phosphorylation within transcription factor families. These results provide a resource for understanding seed development in a crop that is the foundation of modern agriculture.
quantitative proteomics | protein phosphorylation | systems biology A central goal of biology is to understand phenotype. Proteins make or regulate every component of cells, and therefore phenotype is an emergent property of the specific state of the proteome. The proteomic state of a cell is its proteotype, which integrates the constraints of its genotype, developmental history, and environment. Thus, a complete description of the proteotype should define a phenotype at the molecular level. Typically, measurements of mRNA abundance are used to infer the proteotype (1, 2) . However, it has become clear that mRNA levels are poorly correlated with protein abundance (3) (4) (5) (6) (7) (8) . Proteomewide surveys are crucial for bridging this gap and defining specific cellular proteotypes.
Maize is a model organism with a rich history in fundamental research in addition to being the world's largest production crop. The maize seed is a developmentally complex structure comprised of two major compartments, the diploid embryo and the triploid endosperm, that arise from two separate fertilization events (double fertilization) and are enclosed within the maternally derived pericarp (9) . Like in other grasses, the maize endosperm is persistent throughout seed development (10) . The endosperm consists primarily of starchy endosperm cells that are responsible for synthesis of starch and storage proteins and its perimeter is comprised of a single layer of aleurone cells. At maturity, the embryo is comprised of a root meristem, a shoot meristem, and five or six leaf primordia enclosed within the scutellum (9, 11) . Additionally, the embryo is the primary site of lipid biosynthesis in the seed. The production of storage products during seed formation is tightly regulated, and their accumulation is directly correlated with cell number and cell size (12, 13) . Thus, the maize seed is an excellent model for profiling the proteotypes from a complex set of tissues that exhibit extensive spatiotemporal control and coordinated morphogenesis.
We used mass spectrometry (MS) to build an atlas of proteotypes for the developing maize seed based on protein abundance and levels of protein phosphorylation. These quantitative, highly replicated data enabled the reconstruction of protein networks for key biochemical processes and for developmental pathways.
Results
Mapping the Maize Seed Proteotype Atlas. To enhance our understanding of regulatory events controlling seed development as well as the key harvested traits of starch, lipid, and storage protein accumulation, we hand-dissected the maize seed into compartments at seven stages of development for MS analyses (Fig. 1A) . These compartments include embryo, endosperm, and aleurone/pericarp tissues. Total protein was extracted from each sample, and tryptic peptides from the samples, with or without phosphopeptide enrichment, were analyzed by MS. The spectra were searched by using the B73 RefGen_v2 5a Working Gene Set (WGS) (14) . By using stringent cutoffs to maintain a low false discovery rate at the spectral, peptide, and protein level, we identified 13,459 proteins (protein groups), originating from 13,203 gene models, based solely on 108,786 distinct nonmodified peptides (Fig. 1B and Dataset S1). The genes responsible for producing 12,453 of the proteins could be unequivocally assigned by the identification of at least one uniquely mapping peptide (Dataset S1). These proteins are predominantly in the filtered gene set (FGS), which consists of 39,656 high-confidence gene models that exclude transposons, pseudogenes, and other
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The authors declare no conflict of interest. The ∼5 million identified mass spectra, collected from several biological replicates (n = 4-7 for each nonmodified proteotype and n = 3-6 for each phosphoproteotype), were used to quantify protein abundance and phosphorylation levels by spectral counting (15, 16) . To assess reproducibility and accuracy of the biological replicates, we computed Pearson correlations and found averages of 0.92 and 0.62 for the nonmodified proteome and phosphoproteome replicates, respectively (Dataset S3). Additionally, the data accurately reflect known patterns of protein accumulation (Fig. S1) (9, (17) (18) (19) (20) (21) (22) . Examination of the data revealed that the majority of proteins are present in multiple tissues whereas only 1,203 are tissue-specific ( Fig. S2 A and B) . These tissue-specific proteins are enriched in MapMan functional categories (i.e., ontological terms) (23) including "receptor kinases" and "regulation of transcription." Additionally, most of the globally expressed proteins exhibit dynamic patterns of accumulation during seed development. Specifically, of the 4,709 globally expressed proteins, only 180 are stably expressed throughout development (change less than twofold in abundance; Fig. S2C ), suggesting that dynamic changes in protein abundance underpin seed development.
Relationship Between Transcript Level and Protein Abundance. We explored the relationship between mRNA and protein levels in the endosperm 12 d after pollination (DAP) and in the embryo 20 DAP by comparing our prototype data with publically available transcript profiling data (24) . Considering only genes for which mRNA and protein were both reliably measured (endosperm, n = 5,922; embryo, n = 7,257), we found poor correlation between transcript and protein levels (endosperm r = 0.414, embryo r = 0.413; Dataset S4). Although the global correlation was low, there were a wide range of correlations dependent on the functional category (MapMan bins; Dataset S4); for instance, "aspartate metabolism" (r = 0.99), "phosphoenolpyruvate carboxylase" (r = 0.98), "oxidative pentose phosphate 6-phosphogluconate dehydrogenase" (r = 0.92), "abscisic acid signal transduction" (r = −0.17), "auxin metabolism" (r = −0.06), "auxin response factor" (ARF; r = −0.001), "basic leucine zipper (bZIP) transcription factor (TF) family" (r = 0.03), and "cell wall modification" (r = −0.70), indicating that posttranscriptional regulation of protein abundance is function-specific.
We observed that 22% (endosperm) and 21% (embryo) of the genes had matching rank abundance between their mRNA and protein ( Fig. 2A , yellow dots) and 29% of these genes were the same in both tissues (i.e., protein and mRNA; Fig. 2B ), suggesting that they are largely free of posttranscriptional regulation (Dataset S5). Additionally, many genes produced high abundance mRNA but little or no detectable protein (Fig. 2, Fig. S3A , and Dataset S5). Such cases may be explained by translational inhibition or targeted protein degradation.
Surprisingly, for many of the most abundant proteins there was little or no detectable mRNA (Fig. 2, Fig. S3A reverse transcriptase-PCR (RT-qPCR) on the same samples that were used for proteomics and found concordance between the published array data and our RT-qPCR values (Fig. S3B ). For example, the protein produced by GRMZM2G472236 is a Late Embryogenesis Abundant family member and was among the most abundant proteins in the 20 DAP embryo, but the corresponding transcript was not detected by RT-qPCR or microarray in either tissue ( Fig. S3 B and C).
We explored three possible scenarios that could explain the high-protein, low-mRNA discrepancy: (i) transcript levels cycle diurnally while the protein remains, (ii) transcription and translation occur earlier in development and the proteins are stable while the mRNA is not, and (iii) transcription and translation occur in another tissue from which the protein moves. We found evidence to support all three hypotheses by comparing the protein greater than mRNA genes with microarray data characterizing maize leaf circadian cycling genes (25) as well as additional seed microarrays from Sekhon et al. (24) , which profiled 12 and 20 DAP whole seed (WS), 12 DAP endosperm, and 16, 18, and 20 DAP embryos. (i) Seven of the endosperm and three of the embryo protein greater than mRNA genes encode transcripts known to be circadian regulated (Fig. 2C). (ii) Transcripts for 5 of the 20 DAP embryo protein greater than mRNA genes are detected in 16 and/or 18 DAP embryos but not 20 DAP embryos (Fig. S3D) . Further, 20 DAP embryo protein greater than mRNA genes, for which mRNA is detected in 16 DAP embryos, are transcriptionally expressed at a higher level at 16 DAP compared with 20 DAP (Fig. S3E) . (iii) A total of 15 of the 50 endosperm protein greater than mRNA genes, which were not detected at the mRNA level in the 12 DAP endosperm, were detected in the 12 DAP WS (Fig. 2D) . Additionally, 15 of the 54 embryo protein greater than mRNA genes, which were not detected at the mRNA level in the 20 DAP embryo, were detected in the 20 DAP WS and/or 20 DAP endosperm (Fig. 2E) .
Phosphorylation Levels Are Independent of Protein Abundance. The lack of concordance between mRNA and protein levels prompted us to ask whether protein abundance dictates phosphorylation level. For this, we focused on the 3,805 nonmodified proteins that were also observed as phosphoproteins (Fig. 3A) . After clustering proteins based on phosphoprotein abundance, it was apparent that phosphorylation level and protein abundance are (24), whereas transcript data for C were described in the work of Khan et al. (25) .
largely independent (Fig. 3 B and C) , as observed in mice (15) . Further, individual sites of phosphorylation exhibit tissue-specific levels that are not dictated by protein abundance (Fig. 3D ).
Protein Kinase Network Reconstruction. Next, we used the atlas to reconstruct a regulatory network of protein kinases and their substrates. A common feature of protein kinases is their activation loop, which requires phosphorylation to enable catalysis (26) . We exploited this feature to quantify kinase activity during seed development by measuring phosphopeptides from each activation loop. Importantly, kinase activation could not have been predicted from kinase abundance (Fig. 4A) . We next performed a correlation analysis to identify proteins whose phosphorylation levels corresponded with activation of a specific kinase, inferring that these proteins may be substrates of the kinase. This enabled the reconstruction of a network containing nine activated kinases and 762 potential substrate proteins ( Fig. 4B and Dataset S6). For validation, we compared our predicted substrates of mitogenactivated protein kinase 6 (ZmMPK6) with known substrates of the orthologous Arabidopsis MPK6 (27) and found a significant overlap (P = 2.99 × 10
−3
). Additionally, glycogen synthase kinase 3/SHAGGY (GSK) consensus motif, (S/T)XXX(S/T), is overrepresented (P = 0.045) in the substrates of the GSKrelated kinase (GRMZM2G155836). Further, the MAPK con- sensus motif, PX(S/T)P, is overrepresented in the substrates of AtMPK6-like (P = 0.056) and AtMPK9-like (P = 0.023). Examination of the network revealed kinases predicted to phosphorylate a number of well-studied maize proteins (Dataset S6). For example, a GSK kinase is predicted to phosphorylate the bZIP TFs OPAQUE2 HETERODIMERIZING PROTEIN 1 and 2 (OHP1 and OHP2) (28) on a conserved serine (Fig. S4) . Taken together, this approach has enabled the creation of a robust predictive network of potential kinase-substrate pairs.
Spatiotemporal Regulation of Starch and Lipid Biosynthesis. In the developing maize seed, starch and triglyceride accumulation are spatiotemporally regulated, resulting in their accumulation in endosperm and embryo, respectively (13, 29, 30) . Thus, we examined the starch and triglyceride pathways in detail, hypothesizing that protein abundance or phosphorylation may regulate photosynthate partitioning. For this, we manually curated the pathways (SI Materials and Methods) to identify proteins that are known or predicted, based on homology, to perform each biochemical step. This enabled identification and quantification of known and novel paralogs of enzymes and transporters at each stage of development (Fig. 5, Fig. S5 , and Dataset S1). Many lipid biosynthesis enzymes, including the key determinant of seed oil content DGAT1-2 (29), peaked in the early embryo, where most of the seed oil accumulates. In contrast, proteins known to be important for seed starch biosynthesis such as SH1, BT2, SH2, BT1, WX1, SU2, DU1, AE, and SU1 exhibited maximal abundance in the endosperm crown at 27 DAP, which corresponds with the peak time of starch synthesis in our samples (Fig. 5) . We also discovered numerous sites of phosphorylation that may regulate starch biosynthesis. In the endosperm of maize and other grasses, glucose-1-P is converted to ADP-glucose pre- dominantly in the cytosol and then transported into the plastid by BT1, which is a nucleotide transporter of the mitochondrial carrier family (MCF) (30) . A key feature of MCF proteins is their transmembrane barrel composed of six α-helices (31) . Mutations in the yeast MCF protein ANT1 that mimic dephosphorylation of α-helix four abolish transport activity (32) . Accordingly, we observed a phosphopeptide that matches α-helix one of BT1, suggesting that serine phosphorylation may regulate its ADPglucose transport activity (Fig. 5, Fig. S6 , and Dataset S2). Research on maize and wheat has established that phosphorylation causes starch synthesis enzymes to form active, multiprotein complexes; the complexes include SBEI/AE/SP, SSI/SU2/AE, and SSI/SU2/SBEI/SBE2a/SP, with SBEI, AE, and SP identified as phosphoproteins (33, 34) . The sites of phosphorylation on these proteins have not been reported. Our atlas of proteotypes revealed specific sites of phosphorylation for the starch synthesis complex members SBEI, SBE2a, AE, and SP ( Fig. 5 and Dataset S2). Identification of these phosphorylation sites enables targeted mutational studies aimed at regulating starch synthesis complex assembly, with the goal of tailoring starch quantity or quality for specific applications.
Seed Development Proteotypes. To gain insight into biological processes functioning throughout seed development and to associate specific proteins with key seed phenotypes, we performed hierarchical clustering-based network reconstruction (35) on protein abundance and levels of phosphorylation. Consistent with phosphorylation status being independent of protein abundance (Fig. 3) , MapMan bins identified as enriched at the phosphopeptide level were largely distinct from bins enriched in the nonmodified proteome ( Fig. 6 and Dataset S7). We detected enrichment of MapMan bins for well-characterized biological processes including starch synthesis and lipid metabolism at the expected time and place (10, 12, 13, 29) . Additionally, enzymes of phenylpropanoid metabolism were enriched in the pericarp/aleurone (Per/Aleu) tissue, which is known to accumulate phenylpropanoids that are associated with insect and pathogen resistance (36, 37) . Jasmonate enzymes were also enriched in the Per/Aleu, suggesting 5 . Dynamics of starch biosynthetic enzymes during seed development. Heat maps depict the relative abundance of individual proteins throughout development. The green "P" denotes tissues in which the corresponding phosphoprotein was detected. The starch biosynthesis pathway was adapted from Comparot-Moss and Denyer (30) .
that this defense hormone (38) forms an additional layer of defense in the protective pericarp tissue.
TF Dynamics. Finally, we investigated TFs, which are key regulators of growth, development, and cell fate that have traditionally been difficult to detect by proteomics because of their low abundance (39, 40) . However, in the developing seed, we identified and measured 694 (28%) of the 2,516 annotated TFs (Fig. 7) . Clustering the TF data revealed extensive enrichment of protein accumulation and phosphorylation in specific tissues ( Fig. 7A and Dataset S8). These tissue-enriched TFs represent candidate proteins responsible for patterning maize seed development as well as controlling the spatiotemporal expression of starch, lipid, and storage protein biosynthesis pathways.
As an alternative to looking at individual TFs, we searched for family-level patterns of TF accumulation by summing all the spectral counts within a tissue for each TF family. Surprisingly, the abundance of most TF families was greatest in a specific tissue, with 25 of 47 TF families collectively peaking in the 20 DAP embryo (Fig. 7B) . Specifically, TF families with well established roles in tissue pattern formation such as MYB, ARF, homeobox, and TCP accumulated predominantly in the 20 DAP embryo, whereas MADS TFs peaked in the 8 DAP endosperm and YABBY TFs built up in the Per/Aleu. Consistent with the enrichment of defense proteins in the Per/Aleu (Fig. 6) , the defense-related WRKY TF family peaked in the Per/Aleu. We also observed asymmetries in the phosphorylation status of TF families. For example, an increase in bZIP family abundance corresponded to increases in bZIP phosphorylation, whereas the opposite pattern was observed for the ARF family. Considering that the DNA binding activity of OPAQUE2 (a maize bZIP) and ARF2 (in Arabidopsis) is abolished by hyperphosphorylation (41, 42) , our TF phosphorylation data may be used to infer TF activities during development.
Discussion
The maize seed is a developmentally complex entity composed of two major compartments, the diploid embryo and the triploid endosperm, that arise from double fertilization events. The endosperm and embryo develop inside the maternally derived pericarp, which arises from the ovary wall (9) . Despite the biological complexity of the sampled tissues relatively few proteins exhibit tissue-specific accumulation patterns. Although tissuespecific proteins are strong candidates as key regulators of cell fate, the finding suggests that knowledge of quantitative changes in proteins abundance and phosphorylation status are critical for understanding seed development as well as biosynthetic processes that occur in a spatiotemporal manner during seed development. Thus, the tissue-enriched proteins and phosphorylation events identified via hierarchical clustering are likely important candidate regulators of tissue identity. Analysis of the data highlights the complexity of accurately characterizing proteotype. Specifically, measures of mRNA correlate poorly with protein abundance, which is itself largely independent of phosphorylation status. The lack of correlation between mRNA and protein levels has been documented in other organisms (3) (4) (5) (6) (7) (8) . However, we were surprised by the observation that many of the most abundant proteins had little to no measurable mRNA. We found evidence suggesting that multiple mechanisms underpin this phenomenon, including (i) transcription and translation occur earlier in development and the proteins are stable while the mRNA is not; (ii) transcript levels cycle diurnally while the protein remains; and (iii) transcription and translation occur in another tissue from which the protein moves. Consistently, in mammalian cells, proteins are approximately five times more stable than mRNAs (3), and, in Arabidopsis, most transcripts cycle diurnally while the encoded proteins do not (43) .
Because TFs establish regulatory networks that shape growth and development, knowledge of where and when TFs are active is of widespread interest (40) . Interrogation of our proteotype atlas enabled the identification of TFs that exhibit enrichment in abundance or phosphorylation in a specific tissue, making these proteins strong candidate regulators of seed development. Consistent with this idea, we observed maximal accumulation of MADS TFs in the 8 DAP endosperm, which contains maternal nucellar tissue (Fig. S1A and ref. 44 ). In rice, MADS29 is expressed in the nucellus, where it regulates seed development by controlling programmed cell death of the maternal tissues (45) . Finally, the observed conservation of tissue-specific accumulation and phosphorylation within many TF families suggests that there are significant evolutionary constraints on diversification of TF function.
Phosphorylation is a fundamental mechanism for regulating protein activity, and identification of thousands of phosphorylation sites by MS is now feasible. However, identification of the kinase responsible for substrate phosphorylation remains challenging. We therefore reconstructed a kinase-substrate regulatory network by correlating kinase activation with substrate phosphorylation. The resulting network predicts kinases responsible for phosphorylation of numerous "classical" maize genes that have been identified by mutant phenotypes (46) . Additionally, we observed multiple instances of a kinase being predicted to phosphorylate a conserved phosphorylation site on paralogous TFs. These phosphorylation sites are of particular interest because functional phosphorylation sites are more likely to be conserved than nonfunctional sites (47) . For example, a GSK kinase is predicted to phosphorylate a conserved serine on OHP1 and OPH2, which are involved in regulating zein storage protein synthesis in the endosperm (28).
In conclusion, we have created an atlas of maize seed proteotypes by using MS that quantifies protein abundance and phosphorylation levels across developmental time. The atlas comprises 14,165 proteins and 18,405 phosphopeptides, making it the most complete, quantitative proteome to date. The reconstruction of metabolic and developmental networks illustrates the utility of the atlas as well as the causal relationships between proteotypes and phenotypes. The atlas and derived protein networks add significantly to our understanding of seed development, and they should facilitate knowledge-based crop improvement.
Materials and Methods
Plant Material. All samples were collected from Zea mays (maize) inbred line B73 grown outdoors on the University of California, San Diego, campus during summer 2009, following manual self or intersibling pollination. A detailed description of the sampled tissues is provided in SI Materials and Methods.
MS. Sample preparation and MS are based on previously described methods (48) (49) (50) and are detailed in SI Materials and Methods. Briefly, the generated spectra were searched using the B73 RefGen_v2 5a WGS (14) . Phosphorylation sites were localized to a particular amino acid within a peptide by using the variable modification localization score in Agilent Spectrum Mill software (51) . Proteins that share common peptides were grouped by using principles of parsimony to address protein database redundancy. Thus, proteins within the same group share the same set or subset of peptides. Protein abundance and phosphorylation levels were quantified by spectral counting. Spectral counts for each protein represent the total number of peptide spectral matches to that protein (15, 16, 48) . MS runs (replicates) were normalized so that the total number of spectral counts was equal for each run. Spectral counts from technical replicates, when present, were then averaged to get the spectral counts for each biological replicate at the protein level. Raw spectra are deposited at the Mass Spectrometry Interactive Virtual Environment (MassIVE) repository (nonmodified proteome ID MSV000078444 and phosphoproteome ID MSV000078443).
Relationship of mRNA to Protein. Normalized mRNA expression data from a previous work (24) , corresponding to the B73 RefGen_v2 5a Working Gene Set, were downloaded from PLEXdb Accession Zm37 (www.plexdb.org). A detailed description is provided in SI Materials and Methods.
PCR. Detailed information on PCR is provided in SI Materials and Methods.
Functional Annotations. Detailed information on functional annotations is provided in SI Materials and Methods.
Hierarchical Clustering. Detailed information on hierarchical clustering is provided in SI Materials and Methods.
Functional Category Enrichment. Detailed information on functional category enrichment is provided in SI Materials and Methods.
Pathway Analysis. Detailed information on pathway analysis is provided in SI Materials and Methods.
Protein Kinase Substrate Network. Detailed information on the protein kinase substrate network is provided in SI Materials and Methods.
